The persistence and stability of free plasmid pUC8-ISP DNA introduced into 10-g samples of various soils and kept at 23°C were monitored over a period of 60 days. The soils were sampled at a plant science farm and included a loamy sand soil (no. 1), a clay soil (no. 2), and a silty clay soil (no. 3). Four different methods allowed monitoring of (i) the production of acid-soluble radioactive material from I3HJthymidine-labeled plasmid DNA, (ii) the decrease of hybridizing nucleotide sequences in slot blot analysis, (iii) the loss of plasmid integrity measured by Southern hybridization, and (iv) the decay of the biological activity as determined by transformation of Ca2"-treated Escherichia coli cells with the DNA extracted from soil. Acid-soluble material was not produced within the first 24 h but then increased to 45% (soil no. 1), 27% (soil no. 2), and 77% (soil no. 3) until the end of incubation. A quite parallel loss of material giving a slot blot hybridization signal was observed. Southern hybridization indicated that after 1 h in the soils, plasmid DNA was mostly in the form of circular and full-length linear molecules but that, depending on the soil type, after 2 to 5 days full-length plasmid molecules were hardly detectable. The transforming activity of plasmid DNA reextracted from the soils followed inactivation curves over 2 to 4 orders of magnitude and dropped below the detection limit after 10 days. The inactivation was slower in soil no. 2 (28.2-h half-life time of the transforming activity of a plasmid molecule) than in soils no. 3 (15.1 h) and no. 1 (9.1 h). The studies provide data on the persistence of free DNA molecules in natural bacterial soil habitats. The data suggest that plasmid DNA may persist long enough to be available for uptake by competent recipient cells in situ.
Natural transformation is a potential gene transfer mechanism among bacteria living in soil, sediment, and other environments (14, 19, 33, 35) . This potential is based on the knowledge that soil and aquatic environments contain many bacterial species that can develop natural competence for uptake of DNA (13, 19) and that many environments contain extracellular DNA with a high molecular weight (8, 22, 24, 25) . Further support for this potential comes from an increasing number of microcosm studies in which the interactions of DNA molecules and bacterial cells leading to transformation were examined. Such microcosm studies use either model systems for soils or sediments such as pure sand or sand-clay mixtures (15, 18, 20, 29) or material directly sampled from the environment (17, 21, 23, 26, 34) .
Recently, it has been suggested that the gene transfer by free DNA in soil/sediment habitats can be described as a multistep process in which the following events are distinguished (14, 27) : (i) active or passive release of functional chromosomal and plasmid DNA from bacteria; (ii) persistence of the released DNA, either free or adsorbed to solid surfaces; (iii) competence development of potential recipient cells in the habitat; (iv) uptake of free or particle-associated DNA by cells in the chemical environment of the habitat which may be quite distinct from optimal laboratory transformation media; and (v) propagation of the DNA and eventual expression of a newly gained trait.
We are studying each of the five steps by using various species of soil bacteria and model microcosms of increasing complexity. The present investigation focuses on step ii, in particular on the persistence of extracellular plasmid DNA in * Corresponding author. different soils as monitored by a variety of methods over a period of 60 days.
MATERLILS AND METHODS
Plasmids, bacterial strains, and platings. The plasmid used throughout this work was pUC8-ISP (5.2 kb), which consists of pUC8 (37) and a 2.7-kb PvuII fragment of nahA from plasmid NAH7 (9) (provided courtesy of B. Ensley). Plasmid DNA was prepared from Escherichia coli RB1131 according to the method of Birnboim and Doly (1) . pUC8-ISP was further purified by CsCI-ethidium bromide density gradient centrifugation. In vivo labeling of pUC8-ISP with [3H]thymidine was performed as previously described (29) . The labeled plasmids were purified with a plasmid purification kit (Quiagen Inc., Chatsworth, Calif.). For transformation, E. coli SF8 (recB21 recC22 sbcB lop-1l tonAl thr-l leuB6 thi-l supE44 lacYl rk-Mk), provided by R. Eichenlaub (Universitat Bielefeld, Bielefeld, Germany), was used. Bacteria from soil samples were plated on 0.25 x YEPG agar medium (32) and incubated at 23°C. Colonies were enumerated after 3 days. In transformation experiments with E. coli SF8, the cells were plated on Luria broth (LB) agar medium (6) without or with ampicillin (40 ,ug ml-') and incubated overnight at 37°C. Soils Fig. 1 . Essentially no degradation was detected within 1 day. The velocity and the extent of degradation were highest in the silty clay soil, followed by the loamy sand soil and the clay soil. Ethylene oxide treatment of the soil samples before plasmid DNA inoculation prevented the production of acidsoluble radioactive material (Fig. 1) . This indicated that DNA degradation in the nonsterile soils was caused by biological rather than physical or chemical factors.
Persistence of nucleotide sequences. With respect to a possible environmental gene transfer by free DNA, it was desirable to characterize the fraction of plasmid DNA that escaped degradation to mono-and oligonucleotides (Fig. 1) . Slot blot hybridization analysis of the total DNA extracted was employed for the detection of plasmid nucleotide sequences with higher molecular weights. For this purpose, a 32P-labeled nahA-specific gene probe was used (see Materials and Methods). Control experiments with uninoculated soils verified that the soils did not contain detectable amounts of nahA-hybridizable sequences (limit of detection, 2 pg of target DNA; no effect of 10 ,ul of soil extract on signal strength with 0.1 to 10 ng of target DNA) or nahA-positive CFU (measured by colony hybridization; limit of detection, 3 x 103 CFU g of soil-').
The results of the slot blot hybridization analysis are shown in Fig. 2 . In ethylene oxide-treated soils, a strong hybridization signal was obtained over the entire period of incubation (60 days). In the nonsterile soils, degradation of the nahA gene was visible by the gradual reduction of the signal strength with incubation time. In the loamy sand soil and the clay soil, weak signals were still seen after 60 days, representing 3.3 and 11.2%, respectively, of the signal strength obtained 1 h after inoculation. In contrast, in extracts of the silty clay soil, nucleotide sequences giving a signal were undetectable by 10 Changes of plasmid integrity. Southern hybridizations were performed to monitor the loss of the plasmid integrity and to assess the molecular weight of extracted plasmid DNA. For the identification of pUC8-ISP DNA, a digoxigenin-labeled nahA-specific gene probe was used. The results are shown in Fig. 3 The evidence for the presence of intact plasmid DNA molecules in the soil extracts provided by Southern hybridization prompted testing of the biological activity of these molecules by transformation. Competent cells of E. coli SF8 were used for transformation. This strain proved less sensitive to the influence of soil extracts than E. coli DH5 (11) and gave superior transformation efficiencies. The effects of the three soil extracts on the transformation efficiency of these cells by pUC8-ISP DNA are shown in Fig. 4 . Extracts from nonsterile and ethylene oxide-treated soil samples reduced the efficiency of transformation 20-to 670-fold but allowed the detection of the plasmid marker over a range of at least 4 orders of magnitude when 3 ng of plasmid DNA per assay was applied. Figure 5 shows the inactivation of the transforming activity of pUC8-ISP DNA in the three soils. The initial numbers of transformants obtained with 10 pu1 of the reextracted DNA preparations (1 h after inoculation of soils) varied between 4,580 from loamy sand, 2,620 from silty clay, and 440 from clay soil. The low transformation frequency produced by the DNA extracted from the clay soil may result from the relatively inefficient plasmid DNA recovery (48%), from the necessity for extensive vortexing during the extraction procedure (see Materials and Methods), and from the comparably strong inhibition of transformation by extracts from this soil (Fig. 4) . In the nonsterile soil samples, the transforming activity of the plasmid DNA decreased by factors between 440 and 2,600 during the first 10 formants were no longer obtained, probably because the number of residual intact molecules fell below the limit of detection in the transformation assay. The presence of pUC8-ISP in transformants was verified by colony hybridizations or clone analyses (data not shown).
The fact that transformants were obtained until 10 days after inoculation (Fig. 5) plasmid DNA against inactivation. The most rapid plasmid inactivation during the first 2 to 5 days was found in the loamy sand soil (9.1-h half-life of the transforming activity of a plasmid molecule), followed by the silty clay soil (15.1 h) and the clay soil (28.2 h). Ethylene oxide sterilization of the loamy sand improved the survival of the plasmid DNA. In the two soils containing considerable amounts of clay, the ethylene oxide treatment did not achieve sterility (see above) and did not reduce plasmid inactivation. DISCUSSION Many bacterial species are known to release DNA into the surrounding milieu during their life cycles (2, 5, 12, 36) . Recently it has been shown that intact transforming plasmid DNA is released by cells of two soil bacteria during essentially all growth phases (16) . For the transfer of genes by transformation in the environment, such free DNA has to be taken up and propagated by competent recipient cells which thereby may gain new traits. Therefore, a central aspect of gene transfer by transformation in the environment is the stability of extracellular DNA in natural bacterial habitats (14, 27) . For this reason, we monitored the fate of plasmid pUC8-ISP DNA over a period of 60 days after introduction into three different soils.
The correspondence between the loss of nucleotide sequences hybridizing in slot blots (Fig. 2) and the occurrence of acid-soluble breakdown products (Fig. 1) indicated that both are suitable methods for monitoring the degradation of DNA introduced into soil. Moreover, the soil-specific velocities and extents of DNA degradation disclosed by these methods constitute characteristics of each of the three soils. A lower DNA-degrading potential was observed for the clay soil and the loamy sand soil than for the silty clay soil. Even in the silty clay, the presence of a strong hybridization signal obtained after 5 days of incubation (Fig. 2) indicated that the degradation of extracellular DNA in soil is not a matter of minutes or hours. Pointing in the same direction was the finding that significant portions of intact circular and fulllength linear plasmid molecules were detected by Southern transfer analysis 2 days (silty clay and clay soil) or even 5 days (loamy sand soil) after inoculation (Fig. 3) . Similarly, the results of the biological assay showed that, in all soils, transforming activity of the plasmid DNA was detectable up to 10 days after inoculation (Fig. 5) . The rate of the initial loss of the transforming activity, however, varied among the soils. The rate was lowest for the clay soil, followed by the silty clay soil and the loamy sand soil. In conclusion, the results of the different monitoring assays provide a similar classification of the soils with respect to their DNA-degrading potential. The relatively long persistence of plasmid DNA in soil as demonstrated here is in accord with previous results. Greaves and Wilson (10) showed that a fraction of linear duplex DNA introduced into nonsterile soil was still present after 10 days of incubation. They suggested that DNA was adsorbed to clay minerals which protected the DNA from rapid degradation by soil-borne DNases. In contrast, intact plasmid DNA introduced into natural estuarine water was no longer detectable after 8 h (7) . Other investigations with model soil/sediment systems and with mineral material sampled directly from the environment demonstrated that mineral-adsorbed linear duplex DNA and circular plasmid DNA were 100-to 1,000-fold more resistant against degradation than was free DNA (18, 28, 29) . We assume that adsorption of plasmid pUC8-ISP DNA to mineral and other surfaces contributed to the protection against nucleolytic degradation in the three soils.
At present we cannot exclude the possibility that plasmid DNA inactivation was also caused by other processes besides enzymatic nucleolysis in the soils. We noticed a discrepancy between the relatively high stability of the DNA measured by Southern hybridization analysis and the more accelerated decay of the transforming activity. In the loamy sand soil, the signal intensity of circular plasmid bands was hardly reduced after 2 days (Fig. 3) , whereas the number of ampicillin-resistant transformants had dropped by nearly 2 orders of magnitude (Fig. 5) . Perhaps the plasmid molecules were altered in the soil in a way which severely impaired their transforming activity without affecting their integrity measured by gel electrophoresis and their ability to hybridize.
Ethylene oxide fumigation of soils was chosen to inactivate cells and also extracellular enzymes. The drastic decrease of CFU by a factor of 105 or more as well as the block of production of acid-soluble material (Fig. 1 ) and the persistence of strong hybridization signals in slot blot analyses over the entire period of incubation (Fig. 2) suggests that the treatment was effective to the soils. In the clay and silty clay soils, however, the velocity and extent of the decay of plasmid molecules were similar in the nonsterile and the ethylene oxide-treated soil material as determined by Southern hybridization (Fig. 3) and transforming activity measurements (Fig. 5) . The reason for this finding is not clear. Perhaps residual low nucleolytic enzyme activities or reduced de novo synthesis of extracellular DNases by few surviving cells in the ethylene oxide-treated clay-type soils resulted in a fragmentation of plasmid molecules. In the sterilized loamy sand soil, some decay of the plasmid DNA was also visible (Fig. 3) , but plasmid bands were present over the entire incubation period of 60 days (not shown). Concomitantly, the transforming activity decreased by a factor of 30 during the first 5 to 10 days and then stayed at a constant level. Again, the reason for the initial decrease of the transforming activity is obscure. It may indicate the VOL. 58, 1992 action of nucleolytic enzyme molecules which escaped the ethylene oxide treatment but which became inactive after a few days. Alternatively, as mentioned above, abiotic factors may have caused the inactivation of plasmid molecules in all soils during the first few days after inoculation.
By the application of an efficient extraction procedure and three physical detection methods, it was possible to monitor the sequential decay of plasmid DNA at the molecular level ranging from linearized plasmids to smaller nucleotide sequences and final degradation products, i.e., mono-and oligonucleotides. Our strategy of also monitoring the transforming activity of a marker among DNA extracted from soil is new and constitutes a valuable tool for the determination of DNA inactivation at the biological level. Hybridization analysis is successfully and routinely used for the detection of genes in soil, sediment, and water (for reviews, see references 30 and 31). The application of transformation provides an additional meaningful and sensitive assay for the monitoring of intact plasmid molecules in the environment. This is because (i) the assay measures biologically functional DNA in the sense that the DNA is propagated and expressed and (ii) the assay is highly sensitive since transformants were still found at a time when there was no hybridization signal detectable in Southern transfers (compare Fig. 3 and 5 ). Thus, with respect to the introduction of genetically engineered organisms into the environment, appropriate variations of the transformation assay, also including assays for linear DNA, would allow a direct monitoring of the fate of biologically functional recombinant genes. The evidence provided in this study of a relatively long persistence of plasmid molecules introduced into soil suggests that under conditions of continuous production and release of DNA by bacteria living in this environment, one can expect a certain steady-state level of free plasmid and chromosomal DNA in soils. This would constitute an extracellular bacterial gene pool. Those microorganisms which develop natural competence may eventually take up and propagate the persisting DNA. Recently the soil bacteria Pseudomonas stutzen and Acinetobacter calcoaceticus have been shown to be transformed with high frequency in soil extracts (17, 21) and to take up mineral-associated DNA as Bacillus subtilis does (3, 15, 20) .
